Abstract. Doppler power spectra from a vertically pointing 94GHz cloud radar are used to retrieve the mean and turbulent components of the in-cloud vertically velocities for a continental stratocumulus cloud field. Several horizontal scales of motion in the mean velocity field are shown, including a wave-cloud feature seen in satellite photographs. A profile of vertical velocity variance is computed for both a high reflectivity and a low reflectivity regime. These profiles appear reasonable and agree well to similar statistics from an instrumented aircraft.
Introduction
Stratocumulus clouds play an important role in regulation of the earth's climate because of their high albedo relative to the surface (Fairall and Hare, 1990) , large areas of coverage (Nicholls, 1984) , and strong influence on boundarylayer dynamics (e.g. the classic treatment by Lilly, 1968) In recent years much effort has been dedicated to the study of stratocumulus, in observational campaigns (e.g. Albrecht, et al., 1988) and modeling studies (e.g. Moeng, 1986) .
A difficulty encountered in previous field studies was that observations relied heavily on in situ aircraft observations, which can describe only the horizontal variations of observables at a given height. For example, aircraft measurements are poor at describing the vertical coherence of large-scale eddies within the cloud (Frisch et al., 1995) . Numerical models (particularly Eddy Resolving Models), on the other hand, provide nice tools with which to study boundarylayer clouds, however, sub-grid scale mixing as well as microphysical processes must be parameterized (Stevens et al, 1998) . Insufficient or erroneous parameterizations introduce errors which can result in completely different boundarylayer statistics than expected (e.g. Moyer and Young, 1991) , and many attribute these parameterization errors to deficiencies in the observational record (e.g. Stevens et al., 1998) .
With advancements in cloud radar technology, measurements of the type needed in boundary-layer cloud studies are being provided. The use of Doppler power spectra has greatly increased the ability to not only retrieve a more detailed picture of hydrometeor distributions , but also the wind fields as well (Frisch et al., 1995) . We will show in this paper how Doppler spectra from a vertically pointing radar can be used to measure the vertical velocity field of a continental stratocumulus cloud. As a preliminary application of the procedure, a time series of mean Copyright 1999 by the American Geophysical Union.
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Methodology
A radar with Doppler capabilities measures the phase shift of the returned pulse caused by the movement of scatters parallel to the axis of the radar beam. For a vertically pointing radar, this movement is a function of the scatters' individual fall speeds and the motion of the air parcels in which they are embedded. Since there are usually many scatters of varying sizes within the radar volume, there is a spectrum of phase shifts (i.e. velocities) that are observed, hence the term Doppler spectrum. There are generally two methods for analyzing the Doppler spectrum: Pulsed-Pair and Full Spectral Methods.
The Pulsed-Pair (PP) method (e.g. Doviak and Zrnic, 1993, pp. 131 ) uses a series of consecutive pulses to estimate the moments of the Doppler spectrum. This method is computationally efficient and therefore is a widely used means for measuring mean Doppler velocity. However, for many quantitative applications, the Pulsed-Pair method requires several strict assumptions. For example, in order to retrieve the vertical air motion within a cloud using PP, one must assume that the shift in the power-weighted mean Doppler velocity is due entirely from the vertical air motion (i.e. that all the drops have negligible fall velocities). This assumption is almost never satisfied since even small numbers in intermediate cloud drop sizes (dia. 20-40µm) will produce a significant spectral peak with nearly a 0.25ms
bias. Addition of even small amounts of a drizzle mode will further bias the PP mean velocity estimate while being imperceptible in the total reflectivity values (a commonly used indicator of drizzle vs. non-drizzle). These biases are both unknown and non-systematic limiting the application of Pulsed-Pair techniques to a small subset of clouds.
Such limitations can be eliminated if one has the complete Doppler spectrum. Determination of the mean vertical velocity in a uniform flow is then simply a measurement of the zero-offset for the smallest detectable particle (assuming that the smallest detectable particle has negligible fall velocity) regardless of the shape of the spectrum. Complicating matters, however, are the background vertical air motions which do not act on the entire radar volume uniformly. Turbulent fluctuations around the mean vertical air motion tend to broaden the quiet-air Doppler spectrum making direct interpretation of the spectrum impossible.
In order to separate the effects of the turbulent component from the quiet-air spectrum, several techniques have been formulated that parameterize the cloud drop distribution with a simple function and model the turbulent broad- ening in terms of this parameterization (Gossard et al., 1997; Babb et al., 1999) . The retrieval of the quiet-air spectrum is then accomplished by finding the set of parameters that produce the proper measured spectrum. The drawback of such techniques is that in most cases the parameterization is not sufficient to describe the cloud drop distribution, resulting in large retrieval errors. An ideal technique to retrieve the mean vertical velocity would be one that deconvolves the measured spectra directly without assumptions about the drop distributions. However, noise in the measured signal and uncertainty in the convoluting filter (i.e. the turbulent velocity distribution) usually renders typical Fourier or iterative deconvolution techniques useless.
The problem of deconvolving noisy measurements is not unique to this specific application. Matrix inversion methods have been developed in many different disciplines to solve similar problems. A matrix approach has two advantages: 1) noise propagation can be controlled by various mathematical schemes and 2) a priori knowledge about the quiet-air spectrum can be incorporated into the deconvolution process. The matrix approach is based on the observation that the measured spectrum, SM , at any point can be written as a set of linear equations involving the quiet air spectrum, SQ and a turbulent probability function . In matrix notation, SM (a column vector, length N) is equal to a turbulent convolution kernel, K (an NxN matrix) multiplied by SQ (a column vector, length N), or
The elements Ki,j describe the fraction of quiet-air spectral reflectivity from velocity interval j that contributes to the measured velocity interval i. This quantity is given by a turbulent Probability Density Function with width, wσ, multiplied by the velocity interval, ∆v, or
Determining wσ is based on the assumption that at the far end of the positive side of the spectrum, any signal is simply due to the broadened first bin of the quiet-air spectrum (Gossard et al., 1994) . Therefore, wσ can be determined by fitting an equation of the form y = A exp(−(x/wσ) 2 ) to the far right-hand side of the spectrum.
Given the relationship stated in (1), it is in principle possible to retrieve the quiet-air spectrum SQ by multiplying
. This direct approach fails however because of the near singularity of K and the noise in the measurement SM . Noise propagation in the inversion can be controlled when using a Singular Value Decomposition (SVD) scheme through zeroing the eigenvalues for the near-singular elements of K (Press et al., 1991, pp. 60) . Further improvement to the deconvolution is achieved by adding constraints to K −1 . For example, since deconvolution will remove broadening effects of the sub-volume scale turbulence, the retrieved spectrum, SQ, will be narrower than the measured spectrum, SM , meaning that any portion of SM that is below the radar noise-floor will be zero in SQ. Constraints dictating that the total integrated power be conserved, and that the solution be non-negative are also included. Tests on simulated spectra show that constraining the problem in such a way greatly enhances the accuracy of the retrieved spectrum.
Data and Results
In order to demonstrate this retrieval technique using actual radar observations, Doppler spectra were collected during a period of persistent continental stratocumulus from a location 10 km west of State College, Pennsylvania. Ceilometer records indicate that the cloud system on October 24, 1996 was present from 0600-2000 UTC with bases of ∼900 meters. Radar indicated cloud top ranged from 1400 to 1500 meters. This cloud event was chosen for testing the retrieval method because instrumented aircraft data were available for the period 1200-2000 UTC. The University of Wyoming King Air flew a 10 km race-track pattern centered on the radar, changing altitude after each circuit.
The radar used during this experiment was the Penn State 94GHz cloud radar. A comprehensive description of the radar is given by Clothiaux et al. (1995) . For the observations presented here, the radar was operated in a zenithlooking mode and collected 512-point spectra at a Nyquist velocity of 2 ms −1 . To reduce noise, 40 spectra were incoherently averaged, resulting in an 8-sec collection interval and a 3-second processing interval (a total temporal resolution of 11 sec). With cloud level winds during this period of approximately 10 ms −1 , each spectral profile represents an 80-meter horizontal average along the wind vector.
The radar spectra chosen for processing encompassed one hour (1500-1600 UTC), or 330 spectra, each profile consisting of 12 gates spaced 60 meters in the vertical. This period was selected because at approximately 1525 UTC the cloud changes characteristics going from a weakly reflecting (-40 dBZe), homogeneous nature to a higher reflecting (-20 dBZe), more cellular appearance. The highly reflective regime shows higher cloud tops as well as a lower base with fall streaks indicative of drizzle.
After the volume-mean vertical velocities were obtained, a 50-point running mean was applied to the data (with 25-point buffers on either end) to determine the large-scale trends in the velocity series (if any). Figure 1 shows vertical velocity time series and their associated trends for locations near the top, middle, and bottom of the cloud. Apparent from this figure are several scales of oscillations, namely high frequency cloud-scale vertical motions, a mesoscale oscillation, and a positive bias. The mesoscale oscillations are indicative of wave-cloud features commonly observed in this area as western flow moves over the Allegheny Plateau. Satellite photographs from this period confirm a broad region of wave-clouds mixing with a solid cloud layer over State College.
The large-scale trend in the mean velocity field appears to be a 0.9 ms −1 bias which exists in the raw (unprocessed) spectra as well. The existence of the bias in both processed and raw data eliminates the possibility of an data processing artifact. A likely candidate for the bias is topographic effects. The site at which the radar data were collected is located 1.5 km up-stream of a 400 meter ridge. Afternoon soundings for this day indicated that there was a sufficient wind component perpendicular to the ridge axis to explain the observed positive vertical velocity trend.
In order to provide a basis of evaluation for the radar retrievals, volume-scale vertical velocity variance was compared with aircraft observed variances. The aircraft measurements were low-pass filtered to equal the horizontal dimension of the radar sampling volume, and were also detrended to eliminate any erroneous drift. Statistics provide a suitable comparison because of difficulties comparing aircraft and radar measurements due to vastly different sampling strategies. Figure 2 shows the variance profiles for both the high-reflectivity and low-reflectivity regimes. The data were divided into these subsets due to anticipated differences in the profiles for the two regimes.
The most striking feature in Figure 2 is the remarkable agreement between the aircraft and retrieved vertical velocity variance in the high reflectivity regime. With the exception of the two lowest gates, variance increases with height through the cloud as is generally expected. One explanation for the large values in the lower gates is that the retrieval technique might be failing at the cloud edges where a high signal-to-noise ratio is likely to be intermittent. This suggestion is supported by a substantial increase in the reflectivity variance at these two gates over the sampling time. These intermittent bad retrieval values would likely high-bias the variance statistics. A similar explanation would be plausible for the weak reflectivity regime, which has the same profile shape but has larger variance values.
Conclusions
A technique is presented that removes the broadening by sub-volume scale turbulence in radar Doppler spectra by the use of a matrix deconvolution algorithm. To test the technique, Doppler power spectra from a vertically pointing 94GHz cloud radar are used to retrieve the mean and turbulent components of the in-cloud vertically velocities for a continental stratocumulus cloud field.
Retrieved mean vertical velocities showed reasonable results with several scales of motion present. Also, a profile of vertical velocity variance was seen to increase towards the top of the cloud, and compared well with a variance profile derived from aircraft observations. There are indications that near cloud edges and in weak reflectivity situ- ations, the signal-to-noise ratio may decrease substantially for many points, resulting in an erroneous velocity retrieval and causing the statistics to be biased.
The radar sampling strategy used during this experiment was not ideal for this application. The 8-second period for data collection is too long. With different sampling strategies and faster processors, this time period can be reduced by more than half, making this technique viable for general application.
